VLDLs (very-low-density lipoproteins) are synthesized in the liver and play an important role in the pathogenesis of atherosclerosis. Following their biogenesis in hepatic ER (endoplasmic reticulum), nascent VLDLs are exported to the Golgi which is a physiologically regulatable event. We have previously shown that a unique ER-derived vesicle, the VTV (VLDL-transport vesicle), mediates the targeted delivery of VLDL to the Golgi lumen. Because VTVs are different from other ER-derived transport vesicles in their morphology and biochemical composition, we speculated that a distinct set of SNARE (soluble N-ethylmaleimide-sensitive factor-attachment protein receptor) proteins would form a SNARE complex which would eventually facilitate the docking/fusion of VTVs with Golgi. Our results show that Sec22b is concentrated in VTVs as compared with the ER. Electron microscopic results show that Sec22b co-localizes with p58 and Sar1 on the VTV surface. Pretreatment of VTV with antibodies against Sec22b inhibited VTVGolgi fusion, indicating its role as a v-SNARE (vesicle SNARE).
INTRODUCTION
The liver plays a central role in lipid metabolism. It intermittently experiences heavy influxes of NEFAs [non-esterified ('free') fatty acids] from a variety of sources. The end product of NEFA influxes into the liver is TAG (triacylglycerol)-rich VLDL (very-lowdensity lipoprotein), which is eventually secreted into the blood. On its metabolism in the blood, VLDL produces IDL (intermediate-density lipoprotein) and LDL (low-density lipoprotein) which contributes to the pathogenesis of atherosclerosis. The formation of VLDL occurs in the ER (endoplasmic reticulum) and is mediated by microsomal triacylglycerol-transfer protein [1] [2] [3] [4] [5] [6] [7] . Once synthesized in the ER lumen, VLDL particles are transported to the cis-Golgi, where their essential structural protein apoB100 (apolipoprotein B100) becomes further glycosylated and phosphorylated [8] [9] [10] [11] . It has been well documented that VLDLs are first exported to the Golgi lumen before their secretion from hepatocytes [8] [9] [10] [11] [12] [13] . Although the movement of VLDLs from the ER to the Golgi is required for their eventual secretion into the blood, this important step has been scarcely studied.
Transport of nascent proteins along the secretory pathway is highly regulated and mediated by a well-defined COPII (coat complex II) vesicular system [14] [15] [16] [17] [18] [19] [20] . Because of their large size and on and off nature of their production depending on TAG supply to the liver, it was initially thought that a different vesicular system might be involved for the ER-Golgi transport of VLDL.
Findings from both our laboratory [21] and Fisher's group [22] have shown that the movement of VLDL from the ER to the Golgi is mediated by distinct vesicles, the VTVs (VLDL-transport vesicles). The biogenesis of VTVs from the ER membranes requires COPII machinery; however, VTVs are different from vesicles that transport newly synthesized proteins from the ER to the Golgi (referred here as protein-transport vesicles) in their size, buoyant density, cargo and protein composition [21] .
Specific soluble SNARE (N-ethylmaleimide-sensitive factorattachment protein receptor) proteins mediate the targeting of transport vesicles to their destinations and play a key role in their docking and fusion with their target membranes [23] [24] [25] [26] . SNAREs are membrane-bound proteins and each of them contains a characteristic 'SNARE motif' consisting of ∼ 70 amino acids [27] . SNAREs are generally referred to as v-SNARE and t-SNARE on the basis of their localization to either vesicles or their target membranes respectively. Transport vesicles dock with their target membranes by an intricate mechanism in which one v-SNARE interacts with its cognate three t-SNAREs to form a four-member α-helix coiled-coil structure necessary for fusion. Each SNARE complex contains one arginine and three glutamine residues in the centre of the complex. On the basis of the presence of an arginine (R) or glutamine (Q) residue, Fasshauer et al. [28] described the SNAREs as R-SNARE (localized to vesicles) or Q-SNARE (localized to target membranes). The Q-SNAREs are subdivided further into Q a -, Q b -and Q c -SNAREs. One R-SNARE and one each of Q a -, Q b -and Q c -SNAREs form a SNARE Abbreviations used: apoB, apolipoprotein B; COPII, coat complex II; DTT, dithiothreitol; ECL, enhanced chemiluminescence; endo H, endoglycosidase H; ER, endoplasmic reticulum; MALDI-TOF, matrix-assisted laser-desorption ionization-time-of-flight; NEFA, non-esterified ('free') fatty acid; PBS-T, PBS containing 0.05 % Tween 20; PCTV, pre-chylomicron transport vesicle; SNARE, soluble N-ethylmaleimide-sensitive factor-attachment protein receptor; Syn5, syntaxin 5; TAG, triacylglycerol; TFA, trifluoroacetic acid; t-SNARE, target SNARE; VAMP7, vesicle-associated membrane protein 7; VLDL, very-lowdensity lipoprotein; v-SNARE, vesicle SNARE; VTV, VLDL-transport vesicle. 1 To whom correspondence should be addressed (email ssiddiqi@mail.ucf.edu).
complex, also called the SNAREpin [28, 29] , which brings two membranes into close proximity and initiate the fusion process [23, 26] . Because VTVs are different morphologically and biochemically from the ER-derived protein-transport vesicles [21, 22] , it is likely that they utilize a different fusion machinery. We have shown previously that a unique composition of SNARE complex is required for the fusion of PCTVs (pre-chylomicron transport vesicles) with intestinal cis-Golgi [30, 31] . The PCTV is the largest ER-derived vesicle [32, 33] that uniquely utilizes VAMP7 (vesicle-associated membrane protein 7) as a v-SNARE [31, 34] . Although both VTVs and PCTVs are the large ERderived vesicles engaged in ER-Golgi transport of TAG-rich lipoproteins, VLDL and chylomicrons respectively, both vesicles appeared to be fundamentally different in their budding and fusion mechanisms. The generation of VTVs from the ER membranes requires GTP and COPII proteins, whereas the formation of PCTVs from the intestinal ER requires protein kinase Cζ and L-FABP (liver fatty-acid-binding protein) [35, 36] . Even though PCTV-budding is GTP-or COPII-independent [21, 30] , COPII proteins are required for the fusion of PCTVs with intestinal cisGolgi [33, 37] . In contrast with PCTVs, VTVs do not contain VAMP7. Because of these differences, we hypothesize that VTVs utilize a unique targeting mechanism and fusion machinery.
The present paper describes our endeavours to identify the components of a functional SNARE complex that is involved in targeting and fusion of VTVs with cis-Golgi in primary hepatocytes. We have developed an in vitro VTV-Golgi docking assay that allows the VTV to dock with cis-Golgi, but prevents the fusion event. We report that Sec22b serves as a functional v-SNARE on VTVs. We show further that Sec22b interacts with Syn5 (syntaxin 5), rBet1 and GOS28 to form a fusion complex. 
EXPERIMENTAL

Antibodies
Rabbit polyclonal antibodies against rat VAMP7 (amino acids 105-123) have been described previously [31] . Polyclonal antibodies against mammalian Sar1 have been characterized previously [33] . Mouse monoclonal anti-Sec22b antibodies were purchased from Santa Cruz Biotechnology. 14 C]TAG only was prepared using essentially the same procedure as described previously [21] . Briefly, freshly isolated small pieces of rat liver were washed thoroughly with ice-cold 0. 25 3 H]leucine, homogenized in buffer A (10 mM Hepes, pH 7.2, 0.25 M sucrose, 0.5 mM EGTA and protease inhibitors) using a Parr bomb, and the ER was isolated using a sucrose step gradient [21, 33] that was repeated to purify the ER. The purified ER contained calnexin, a marker protein for the ER, but was devoid of GOS28 and Rab11, markers for cis-Golgi and endosomes/lysosomes respectively, as determined by Western blotting ( Figure 1A ).
Preparation of hepatic cytosol
Rat liver cytosol was prepared using the same methodology as detailed previously [21] . In order to remove endogenous ATP and GTP, cytosol was dialysed twice against ice-cold buffer [25 mM Hepes, pH 7.2, 125 mM KCl, 2.5 mM MgCl 2 , 0.5 mM DTT (dithiothreitol) and protease inhibitors] for 6 h at 4
• C [21] .
Isolation of cis-and trans-Golgi
The preparation of non-radiolabelled cis-and trans-Golgi was carried out as described in [21] . The purity of cis-Golgi was assessed using marker protein [21] ( Figure 1A ). [21] . In brief, radiolabelled ER membranes (500 μg of protein) were incubated at 37
In vitro VTV formation
• C for 30 min with rat liver cytosol (1 mg of protein), 1 mM GTP and an ATP-regenerating system (1 mM ATP, 5 mM phosphocreatine and 5 units of creatine kinase) in the absence of Golgi acceptor (total reaction volume of 0.5 ml). After incubation, the reaction mixture was resolved on a continuous sucrose density gradient (0.1-1.15 M sucrose) and VTVs isolated from the light portions of the gradient. VTVs thus formed were concentrated using YM-10 centricons (Millipore).
In vitro VTV-Golgi docking assay
In vitro docking of VTV with cis-Golgi was accomplished utilizing a similar methodology with modifications as described by Siddiqi et al. [30] • C. After incubation, 500 μl of cold buffer (10 mM Hepes, pH 7.2) was added to the reaction mixture and the density was adjusted to 1.22 M sucrose (total volume of 3 ml). This was overlaid with 2.6 ml each of 1.15, 0.86 and 0.25 M sucrose, and the gradient was centrifuged at 25 900 rev./min for 3 h at 4
• C using an SW41 rotor (Beckman) [21, 30] . Under these conditions, VTVs docked with cis-Golgi become isodense, whereas VTVs not associated with the cis-Golgi float to the top of the gradient [21, 30] . VTVs associated with the cisGolgi fraction were collected by aspiration [21] 
Isolation of the SNARE complex
To isolate the SNARE complex, VTVs were first docked with hepatic cis-Golgi as described above, and the putative VTVGolgi complex was isolated on a sucrose step gradient [30] . Under these conditions, undocked VTVs float to the top of the gradient and were removed by aspiration. Putative VTV-Golgi complexes were solubilized using 2 % (v/v) Triton X-100 in PBS and were incubated overnight at 4
• C with either rabbit anti-Sec22b or anti-GOS28 antibodies complexed to agarose beads. After incubation, beads were washed thoroughly to remove unbound proteins. Complete removal of unbound protein was assessed by the absence of protein content in final washes as determined by protein assay or by the absence of Sec22b as judged by Western blotting.
The beads were either boiled or not boiled in 2× Laemmli buffer, and the immunoprecipitated proteins were separated by SDS/PAGE (5-15 % gel) followed by transblotting on to nitrocellulose membranes (Bio-Rad Laboratories) [21] . The same blot was probed with antibodies against the indicated proteins. For re-probing membranes with different antibodies, membranes were washed three times with PBS-T (PBS containing 0.05 % Tween 20), incubated in stripping buffer (62.5 mM Tris/HCl, pH 6.7, 100 mM 2-mercaptoethanol and 2 % SDS) for 45 min at 56
• C, and washed three times with PBS-T, which was followed by blocking in 5 % (v/v) Blotto (Bio-Rad Laboratories) in PBS-T overnight.
In vitro VTV-Golgi fusion assay
To examine the fusion of VTVs with hepatic cis-Golgi, VTVs (150 μg of protein) containing [
14 C]TAG/[ 3 H]protein were incubated with cis-Golgi (300 μg of protein), an ATP-generating system, rat liver cytosol (500 μg of protein), in a buffer containing 1 mM GTP, 2.5 mM Ca 2+ , 5 mM Mg 2+ , 2 mM DTT, 30 mM KCl and 30 mM Hepes (pH 7.2) for 30 min at 37
• C. After incubation, the reaction mixture was resolved on a sucrose step gradient and the cis-Golgi fraction obtained by aspiration [21] . [ 14 C]TAG was extracted [21] from the cis-Golgi and the radioactivity was measured. [ 3 H]ApoB100 was immunoprecipitated as described below and the radioactivity was determined.
Measurement of TAG activity and protein radioactivity
TAG was extracted and radioactivity was quantified as described previously [21, 33] . Proteins were precipitated with TCA (trichloroacetic acid) and radioactivity was measured [21, 33] . When samples were double-labelled, the dual-isotope mode was used on the scintillation analyser (TriCarb, Model 2900, PerkinElmer).
Immunoprecipitation and endo H (endoglycosidase H) treatment of apoB100
ApoB100 was immunoprecipitated from either the Golgi or VTVGolgi complexes applying the same methodology as described previously [21] . Immunoprecipitated [ 3 H]apoB100 was treated with endo H (500 units) for 20 h at 37
• C, separated by SDS/PAGE (5-15 % gel) and autoradiographed [21] .
SDS/PAGE, Western blotting and autoradiography
Proteins were solubilized in Laemmli buffer, and separated by SDS/PAGE (12 % gel) [21] . Molecular masses of proteins were calculated as described previously [30] .
For Western blotting, proteins were separated by SDS/PAGE (5-15 % gel) and transblotted on to nitrocellulose membranes [21] . After blocking with 5 % (w/v) non-fat dried skimmed milk in PBS, membranes were incubated with specific primary and then secondary antibodies. Proteins were detected using ECL reagents and exposing the developed blots to Biomax film (Eastman Kodak) [21] . Autoradiography was performed as described previously [21] . In brief, proteins were separated by SDS/PAGE (5-15 % gels), gels were rinsed with distilled water and stained with Simply Blue TM SafeStain (Invitrogen). After destaining, gels were dried and autoradiographed using Kodak Biomax film at − 70
• C.
MALDI-TOF (matrix-assisted laser-desorption ionization-time-of-flight)
The VTV and ER membrane proteins were separated by twodimensional SDS/PAGE (8-18 % gel), stained with Simply Blue TM SafeStain, and the VTV protein band (molecular mass 24 kDa; pI 8.85) was excised from the gel and destained with 50 % acetonitrile and 100 mM ammonium bicarbonate (pH 8.0). The gel pieces were dried in a vacuum centrifuge and digested overnight with trypsin (0.5 mg) at 37
• C. The digested peptides were extracted with 60 % acetonitrile and 5 % TFA (trifluoroacetic acid) with sonication and dried in a vacuum centrifuge. The peptides were suspended in 0.1 % TFA, desalted with a ZipTip and applied to a CHCA (α-cyano-4-hydroxycinnamic acid) matrix. MALDI-TOF was performed on a Voyager-DERP mass spectrometer (Applied Biosystems).
Immunoelectron microscopy
To examine VTVs by electron microscopy, we employed the negative-staining technique [21, 33] . Briefly, VTVs were generated and concentrated, and a formvar-carbon-coated nickel grid was placed on a drop of concentrated VTV for 2-3 min. The grids were rinsed with PBS and water, stained with 0.5 % aqueous uranyl acetate, air-dried and examined using a JEOL 1200 EX electron microscope at 12000× magnification.
Immunolabelling of the VTVs was performed as described in [33, 38] . Briefly, samples were incubated with 10 % (w/v) BSA containing (i) anti-rabbit pre-immune IgG (1:100), and (ii) rabbit polyclonal anti-Sec22b antibodies (1:100) for 3-4 h and subsequently with anti-rabbit IgG (1:50) conjugated with 15 nm colloidal gold. The samples were fixed in 1 % (w/v) glutaraldehyde in PBS for 10 min and stained with 0.5 % aqueous uranyl acetate for 1 min, and examined under the JEOL 1200 EX electron microscope at 12000× magnification.
Co-localization of Sec22b with Sar1 and p58 on VTVs was determined by immunogold labelling as described in [33, 38] . Briefly, samples were incubated with 10 % (w/v) BSA containing (iii) mouse anti-Sec22b (1:100) and rabbit anti-Sar1 (1:100) antibodies or (iv) mouse anti-Sec22b (1:100) and rabbit anti-p58 (1:100) antibodies for 3-4 h and subsequently with anti-(mouse IgG) (1:50) conjugated with 15 nm colloidal gold and anti-(rabbit IgG) (1:50) conjugated with 10 nm colloidal gold. The samples were fixed, stained and examined at 12000× magnification as described above.
Statistical analysis
Comparisons between means were carried out using the Instat statistical package supplied by GraphPad Software using a twotailed Student's t test.
RESULTS
Sec22b is present on the VTV
VTVs were prepared from hepatic ER that was free from Golgi and endosomal/lysosomal contamination as determined by the absence of GOS28 and Rab11 respectively ( Figure 1A) . However, these ER membranes were enriched with calnexin, an ER marker protein, as shown in Figure 1(A) . To identify the v-SNARE present on VTVs, we carried out a comparative analysis of VTV and ER membrane proteins; we reasoned that a potential v-SNARE would be more concentrated on VTVs than the ER because VTVs are ER-derived. Since SNAREs are membrane proteins, we decided to collect VTV and ER membrane proteins by incubating them with 100 mM sodium carbonate solution (pH 11) which releases peripheral proteins and vesicle luminal proteins. To detect the protein of interest, we resolved VTV and ER membrane proteins by two-dimensional SDS/PAGE (results not shown) and compared two-dimensional gels of the VTV and the ER, which revealed that a few proteins were concentrated in VTVs. Of the concentrated proteins, the most prominent protein band (molecular mass 24 kDa; pI 8.85), when submitted to the SWISS-PROT database, gave several possible proteins, including Ykt6, Sec22b and VAMP7. These three proteins were of great interest because these are known v-SNAREs that are involved in ERGolgi transport of secretory proteins and intestinal lipoprotein, the chylomicron [30, 31, [39] [40] [41] . As a first approach to determine which one of these three v-SNAREs is present on VTVs, we carried out MALDI-TOF analysis. MS results identified the protein band of interest as Sec22b with a Z score of 2.19.
To confirm that Sec22b is enriched in VTVs, we performed Western blotting using specific antibodies against Sec22b, Ykt6 and VAMP7 proteins. As shown in Figure 1 (B), Sec22b was concentrated in VTVs as compared with the ER membranes. Neither Ykt6 nor VAMP7 was detected in the VTV membranes ( Figures 1B and 5B) . Ykt6 was present in the ER ( Figure 1B ), but VAMP7 was not found in the ER ( Figure 5B ), supporting our previous findings that hepatic ER does not contain VAMP7 [31] . However, VAMP7 was present in hepatic whole-cell lysate and in hepatic Golgi ( Figure 5B ). To ascertain that our vesicular fraction contain bona fide VTVs, we probed for apoB100, a marker protein for both VLDL and VTVs. As shown in Figure 1 (B), apoB100 is concentrated in VTVs [21] . To assess the purity of our VTV fractions and to make sure that VTVs are not contaminated with protein-transport vesicles, we immunoblotted for albumin. Our results indicate that albumin was not present in VTVs, whereas it was present in the ER ( Figure 1B) . These results indicate that the VTV concentrates Sec22b on its surface as a putative v-SNARE.
To provide additional morphological evidence for the localization of Sec22b to the VTV, we utilized immunogold labelling of Sec22b on the VTV and examined the results by electron microscopy using the negative-staining technique. The results presented in Figure 1(C) show that Sec22b is localized on the surface of VTV as determined by immunogold labelling ( Figure 1C, panel ii) , whereas control studies using pre-immune IgG showed no immunogold labelling ( Figure 1C, panel i) . Since VTVs are ER-derived vesicles, we sought to demonstrate the co-localization of Sec22b with Sar1 and p58, because these two are the marker proteins for ER-derived vesicles [15, 42, 43] . Both Sar1 and p58 are co-localized with Sec22b on VTVs as depicted in Figure 1(C) , panels iii and iv. Taken together, these biochemical and morphological results provide compelling evidence that the VTV contains as well as concentrates the v-SNARE protein Sec22b on its surface.
Sec22b functions as a v-SNARE for ER-derived VTVs
The concentration of Sec22b and its co-localization with Sar1 and p58 on the VTV surface indicate that Sec22b may serve as a v-SNARE for VTVs during ER-Golgi transport of VLDL in primary hepatocytes. To establish the functional role of Sec22b as the potential v-SNARE for the VTVs, the effect of blocking Sec22b on the delivery of VLDL to the cis-Golgi was determined. To achieve this, we utilized an in vitro VTVGolgi fusion assay which has been established previously [21] . In this assay, [ 14 C]TAG/[ 3 H]protein-containing VTVs were pretreated with either pre-immune IgG or anti-Sec22b antibodies and excess antibodies were then removed by washing. The treated VTVs were incubated with non-radiolabelled hepatic cis-Golgi in the absence or the presence of hepatic cytosol and an ATPregenerating system at 37
• C for 30 min. After incubation, the cis-Golgi was isolated on a sucrose step density gradient. Under these conditions, unreacted VTVs were expected to be floating on the top of the gradient and were removed by aspiration, whereas the cis-Golgi was at the 0.86/1.15 M sucrose interface. To determine whether the reduction in the delivery of [
14 C]TAG and [
3 H]apoB100 to the cis-Golgi by Sec22b antibodies is because of steric hindrance or not, we examined the effect of pretreatment of VTVs with anti-VAMP7 antibodies or anti-Sar1 antibodies on the VTV-Golgi fusion event. We selected anti-VAMP7 and anti-Sar1 antibodies because Sar1 is present on VTVs [21] (Figure 1C, panel iii) , whereas VAMP7 serves as a functional v-SNARE in the ER-Golgi transport of nascent lipoproteins (pre-chylomicrons) in enterocytes [30] . Both anti-VAMP7 and anti-Sar1 antibodies did not inhibit VTV-Golgi fusion, indicating no effect on the delivery of [
3 H]apoB100 to the cis-Golgi (Figure 2 ). These results suggest that inhibition of VTV-Golgi fusion is not due to steric hindrance.
To rule out the possibility of anti-Sec22b antibody-mediated nonspecific inhibition, we boiled anti-Sec22b antibodies for 5 min and then incubated with VTVs. VTVs were washed to remove antibodies and used in a fusion assay. Figure 2 shows that boiled anti-Sec22b antibodies had no effect on the delivery of [ 14 C]TAG and [
3 H]apoB100 to the cis-Golgi. These results strongly suggest that Sec22b serves as a functional v-SNARE for VTVs to fuse with hepatic cis-Golgi.
VTVs dock with hepatic cis-Golgi
To identify the components of minimal fusion machinery or the SNARE complex, it was necessary to establish an in vitro VTVGolgi docking assay. Docking of VTVs with cis-Golgi can be defined as the event where VTVs bind to the cis-Golgi, but do not fuse [23, 44] . Under docking conditions, we expected that a shift of VTVs from light-density fractions to high-density fractions containing Golgi would occur and VTVs would become isodense with cis-Golgi in a sucrose gradient, whereas unreacted VTVs would be floating at the top of the gradient.
To achieve the VTV-Golgi docking, VTVs containing [
14 C]TAG and [ 3 H]apoB were incubated with non-radiolabelled acceptor hepatic cis-Golgi and hepatic cytosol for 45 min at 4
• C in the absence of Mg 2+ -ATP. To determine VTV-Golgi docking activity, two variables were considered: (i) measurement of VTV-[ 14 C]TAG (in d.p.m.) present in the VTV-Golgi complex; and (ii) endo H treatment of [ 3 H]apoB100 immunoprecipitated from the VTV-Golgi complex. We took advantage of the fact that VTVapoB100 is endo H-sensitive, whereas apoB100 becomes endo H-resistant in the Golgi lumen [8, 21] . Therefore when VTVs are being docked with the Golgi, VTV-[ 3 H]apoB100 will remain endo H-sensitive; however, VTV-[ 14 C]TAG will be associated with the VTV-Golgi complex. Figure 3 (A), shows that VTVs interact with the cis-Golgi upon incubation at 4
• C in the presence of cytosol and in the absence of Mg 2+ -ATP as judged by the presence of [ 14 C]TAG in the VTVGolgi complex ( Figure 3A, bar 1) . However, the association of VTVs with Golgi was greatly reduced when incubation occurred without Mg 2+ -ATP at 4 • C, but cytosol was not included in the assay ( Figure 3A, bar 2) . These results indicate that VTV docking with the cis-Golgi requires cytosolic factors, which is consistent with other reports [30, 45] .
Next, we decided to observe the effect of Mg 2+ -ATP on VTVGolgi docking. As shown in Figure 3 (A), bar 3, addition of Mg 2+ -ATP greatly reduced docking activity. These results are consistent with our previously published work in small intestine [30] and also with results from the Rothman group, as these authors suggested that the addition of Mg 2+ -ATP even at 4
• C causes dissociation of SNARE complex [46] . Also, when VTVs were incubated with Golgi in the presence of cytosol and Mg 2+ -ATP at 37
• C, conditions favourable for the VTV-Golgi fusion event ( Figure 3A, bar 4) , increased [ 14 C]TAG levels were associated with post-fusion Golgi, indicating VTV-Golgi fusion. However, these results ( Figure 3A , bars 1 and 4) do not discriminate between VTVs being docked with Golgi and VTVs actually fused with Golgi.
To show more precisely that VTVs are able to dock with Golgi, [ 3 H]apoB100 was immunoprecipitated from the VTVGolgi complex and treated with endo H. As shown in Figure 3 (B), [ 3 H]apoB100 was sensitive to endo H treatment (lane 3 compared with lane 4), when docking conditions (as in Figure 3A , bar 1) were used. Under conditions that support fusion ( Figure 3A , bar 4), [ 3 H]apoB100 was resistant to endo H treatment, as shown in Figure 3 (B), lane 6, suggesting that [ 3 H]apoB100 has entered the Golgi lumen. Results shown in Figure 3 (B) indicate that VTV-apoB100 is endo H-sensitive (lane 1 compared with lane 2), confirming our previous findings [21] . These results provide strong evidence that VTVs dock at, but do not fuse with, hepatic cis-Golgi in the absence of Mg 2+ -ATP at 4 • C. To find out whether VTV-Golgi docking is specific or not, we incubated VTVs with hepatic ER membranes under conditions that favour docking. The results presented in Figure 3 (C) suggest that VTVs did not dock with the ER membrane (right-hand bar); however, incubation of VTVs with Golgi under similar conditions gave a robust signal (middle bar). These results are consistent with our previous observations showing that VTV-mediated VLDL export is unidirectional in nature [21] .
Isolation of the SNARE complex and identification of its components
We rationalized that the proteins facilitating the VTV-Golgi docking would be the components of the SNARE complex. In an attempt to isolate the SNARE complex which facilitates the fusion of VTVs with hepatic cis-Golgi, we performed an in vitro docking assay as described above. The VTV-Golgi complexes were separated on a sucrose step gradient, solubilized in 2 % (v/v) Triton X-100 and incubated with anti-Sec22b antibodies bound to agarose beads. We selected anti-Sec22b antibodies to pull-down the putative SNARE complex because Sec22b serves as a functional v-SNARE for VTVs; we used pre-immune IgG as control. After an overnight incubation, beads were washed, and the Sec22b-binding proteins were separated by SDS/PAGE followed by Coomassie Blue staining (Figure 4) . Under nonboiling conditions, a single strong protein band corresponding to ∼ 110 kDa was detected when anti-Sec22b antibodies were used for immunoprecipitation (Figure 4 , middle lane), suggesting that Sec22b has formed a complex with other proteins. To find out whether Sec22b exists in a ∼ 110 kDa protein complex, we boiled the sample in Laemmli buffer before loading on to the gel. Upon boiling, the ∼ 110 kDa band was greatly reduced and dissociated to four low-molecular-mass proteins (Figure 4 , righthand lane); one of the four proteins migrated at 24 kDa which corresponds to the molecular mass of Sec22b. These results suggest that the dissociated proteins (protein bands P1-P4) would be the components of SNARE complex. Pre-immune IgG did not immunoprecipitate either the ∼ 110 kDa band or low-molecularmass proteins under the same conditions (Figure 4 , left-hand lane), suggesting that co-precipitation with anti-Sec22b antibodies was specific. These results demonstrate that Sec22b forms a stable high-molecular-mass multi-protein complex during VTV-Golgi docking. Furthermore, these results indicate that the complex is SDS-resistant, a criterion of SNARE complex formation [47, 48] . To determine what proteins are present in the ∼ 110 kDa complex, we first identified protein bands P1-P4 (Figure 4 , right-hand lane) by MS and Western blotting. Protein bands P1-P4 were identified as Syn5, GOS28, Sec22b and rBet1 respectively. The presence of Syn5, GOS28, Sec22b and rBet1 in a large complex (corresponding to ∼ 110 kDa) was confirmed by Western blots using specific antibodies when the samples were not boiled ( Figure 5A, lane 1) . These results suggest that these four SNARE proteins formed a heteromeric SDS-resistant complex. Essentially, a single membrane was sequentially probed with the indicated antibodies after stripping. Upon boiling, the complex disassembled and each of the SNARE proteins (disassociated from the ∼ 110 kDa complex) migrated at its expected monomeric molecular mass (results not shown). The collective molecular mass of these four SNARE proteins is 111 kDa, which is very close to 110 kDa, the observed molecular mass of the SNARE complex.
Next, we considered the possibility that the ∼ 110 kDa complex may be the result of detergent-mediated formation of multiprotein complex because SDS and Triton X-100 are known to induce intramolecular disulfide bonding [47] . To address this issue, we probed the same membrane for Ykt6, VAMP7, membrin and vti1a, which are known to be involved in ER-Golgi transport of proteins and lipoproteins [30, [39] [40] [41] . We found that Ykt6, VAMP7, membrin and vti1a do not exist in the ∼ 110 kDa complex (results not shown); however, these proteins were present in hepatic whole-cell lysates and Golgi ( Figure 5B) . Interestingly, membrin, rBet1 and Syn5 were present in VTV fractions, but were not concentrated as compared with the ER (Figure 5B ), whereas Sec22b gave the most prominent signal in VTVs ( Figure 5B ). These observations lead us to conclude that the ∼ 110 kDa complex is not generated by non-specific detergent-mediated intermolecular protein-protein interactions.
To ascertain that Sec22b, Syn5, GOS28 and rBet1 are the components of SNARE complex required for the VTV-Golgi docking/fusion, we cross-checked our results using anti-GOS28 antibodies bound to agarose beads for co-immunoprecipitation. Figure 6 shows GOS28-associated proteins, which were coimmunoprecipitated from solubilized VTV-Golgi complexes. As shown in Figure 6 , the same SNARE proteins were coprecipitated with anti-GOS28 antibodies as with anti-Sec22b antibodies. These proteins migrated at ∼ 110 kDa, suggesting that the ∼ 110 kDa SNARE complex is specific. Taken together, our findings support the conclusion that Sec22b, Syn5, GOS28 and rBet1 form a stable SNARE complex as a result of the interaction of VTVs with cis-Golgi.
Effect of antibodies against SNARE proteins on complex formation
Next, we sought to determine the effect of blocking the SNARE proteins by specific antibodies on complex formation. We incubated either VTVs with anti-Sec22b antibodies or the Golgi membranes with antibodies against GOS28 and then removed the unbound antibodies by washing. Either the treated VTVs and non-treated Golgi or the treated Golgi membranes and nontreated VTVs were used in docking assay. The results presented in Figure 7 (A) reveal that the antibodies against Sec22b (bar 2) and GOS28 (bar 3) inhibited VTV-Golgi docking. Treatment of VTVs and Golgi membranes with pre-immune IgG had no effect on VTV-Golgi docking ( Figure 7A, bar 1) . To demonstrate the effect of blocking the Sec22b or GOS28 on SNARE complex formation, we performed co-immunoprecipitation using anti-Sec22b and -GOS28 antibodies. As shown in Figure 7 (B), Sec22b migrated at its monomeric molecular mass when either VTVs with antiSec22b antibodies ( Figure 7B, lane 2) or the Golgi membranes with antibodies against GOS28 ( Figure 7B , lane 3) were treated before the docking assay. However, we found a strong protein band corresponding to ∼ 110 kDa when VTVs were treated with pre-immune IgG ( Figure 7B, lane 1) . Similarly, GOS28 was not detected in ∼ 110 kDa complex and migrated at its monomeric molecular mass when cis-Golgi was treated with anti-GOS28 antibodies before the docking assay ( Figure 7C, lane 2) , whereas pre-immune IgG had no effect on complex formation as was evident by the presence of GOS28 in the ∼ 110 kDa complex ( Figure 7C, lane 1) . Treatment of Golgi membranes with antiSyn5 or anti-rBet1 antibodies before their use in the docking assay had similar effects as observed with anti-GOS28 antibody treatment (results not shown). To assess the specificity of these findings, we treated VTVs or the Golgi with pre-immune IgG or antibodies against VAMP7, membrin and vti1a, which had no effect on complex formation (results not shown). These results provide strong evidence that all four identified proteins are required for the VTV-Golgi interaction that leads to the SNARE complex formation.
Role of SNARE proteins in fusion of VTVs to cis-Golgi
To establish the functional role of each component of the SNARE complex in ER-Golgi transport of VLDL, either VTVs containing [
14 C]TAG were treated with anti-Sec22b antibodies or hepatic cisGolgi membranes were incubated with antibodies against Syn5, GOS28 or rBet1 for 1 h at 4 • C. After removing the unbound antibodies by washing, either the treated VTVs were incubated with non-radiolabelled hepatic cis-Golgi or the treated cis-Golgi were incubated with VTVs containing [
14 C]TAG under conditions that allow VTV-Golgi fusion. As shown in Figures 2 and 8 , blocking of SNARE proteins with antibodies against Sec22b (Figure 2 ), Syn5, GOS28 or rBet1 (Figure 8 ) greatly reduced the VLDL delivery to the Golgi. Treatment of Golgi with preimmune IgG or antibodies against membrin and vti1a did not affect VTV-Golgi fusion (Figure 8 ), suggesting that the observed reduction in fusion activity was specific. Taken together, these results demonstrate that Sec22b, Syn5, GOS28 and rBet1 have an important physiological role in VTV-Golgi fusion and thus in VLDL delivery to the hepatic cis-Golgi.
DISCUSSION
Subsequent to their biogenesis in the ER lumen, newly synthesized VLDL particles are directed towards the Golgi where their structural protein apoB100 gets further glycosylated and phosphorylated [8] [9] [10] [11] . This ER-Golgi movement of VLDL is prerequisite for their ultimate secretion from hepatocytes. We have previously identified and characterized a new ER-derived vesicle (the VLDL-transport vesicle or VTV), which is exclusively Hepatic cis-Golgi (300 μg of protein) was incubated with either pre-immune IgG, or antibodies against Syn5, GOS28, rBet1, membrin and vti1a for 1 h at 4 • C. The cis-Golgi membranes were then washed to remove unbound antibody. After antibody treatment, native [
14 C]TAG-loaded VTVs were added to tubes containing antibody-treated cis-Golgi. The VTV and cis-Golgi were allowed to fuse by incubating them for 30 min at 37 • C with hepatic cytosol (500 μg of protein) and ATP. No cyto represents a negative control where untreated VTVs and Golgi membranes were used without cytosol in the fusion assay. After incubation, the cis-Golgi proteins were isolated on a sucrose step gradient and the Golgi-associated engaged in the targeted delivery of the VLDL to the Golgi lumen. Although VTVs egress from hepatic ER membranes and utilize COPII machinery, their biogenesis is different from the protein-transport vesicles [21, 22] . Since VTVs carry a unique cargo and have emerged to be distinct from the protein-transport vesicles in their morphology and biochemical composition, it is possible that they utilize different machinery for their targeting to and fusion with hepatic cis-Golgi. However, the underlying mechanism of the VTV-Golgi fusion process has not been scrutinized at the molecular level. The present study describes a specific composition of SNARE proteins, which form a functional SNARE complex implicated in the docking and fusion of the VTV with hepatic cis-Golgi.
Our previous published results suggested that VTVs concentrate Sec22b as compared with its parent membranes, the ER [21] , which led us to examine whether this protein serves as a functional v-SNARE for the VTVs. In the present paper, we made extensive efforts to provide biochemical and immunoelectron microscopic evidences to show that Sec22b is concentrated and localized on to the VTV surface. Because Sec22b has been shown to be exclusively engaged in the ER-Golgi protein trafficking step [40, 41] , its co-localization on VTVs with p58 and Sar1, two classical markers for ER-derived vesicles [15, 42, 43] , further supports our findings that VTVs are derived from the ER membranes. Interestingly, Sec22b binds to apoB100 at the ER level (S. A. Siddiqi, unpublished work), which is consistent with proteomic results from Chuck's group [49] . Blocking of Sec22b on VTVs using specific antibodies resulted in great inhibition of the VTV-Golgi fusion process and thus reduced VLDL delivery to the Golgi lumen. These results strongly support our notion that Sec22b serves as a functional v-SNARE for VTVs.
That the ER-Golgi transport of nascent proteins and lipoproteins involves several combinations of SNARE proteins to form a four-member α-helix coiled-coil structure necessary for fusion [28] strongly supports the thesis that the composition of a SNARE complex varies with the type of ER-derived vesicles. There are at least three different proteins (i.e. Sec22b, VAMP7 and Ykt6) which serve as v-SNAREs for different kinds of ERderived vesicles in various mammalian cells [30, 39, 40] . All of these v-SNAREs form distinct complexes with their cognate t-SNAREs present on the surface of cis-Golgi. Sec22b forms a SNARE complex with membrin, Syn5 and rBet1 in NRK (normal rat kidney) cells [50] , whereas Ykt6 interacts with GOS28, Syn5 and rBet1 to form a functional SNARE complex [39] . Both of these complexes play a central role in the ER-Golgi transport of newly synthesized proteins in mammalian systems. Our results show that VTVs do not contain Ykt6, although it is present in rat hepatic ER. However, Hasegawa et al. [51] have shown that Ykt6 protein is localized primarily to a unique lysosome-like compartment in rat neurons and functions as a neuronal SNARE. Our previous studies have shown that VAMP7 forms a special physiologically active SNARE complex with Syn5, rBet1 and vti1a [30, 31] . This unique SNARE complex is required for the fusion of the PCTV with intestinal cis-Golgi [30, 31] . Interestingly, we did not find any VAMP7 in hepatic ER, albeit both hepatic and intestinal ER membranes share a common feature in that they both produce TAG-rich lipoproteins. Taken together, these observations manifest that a specific ERderived vesicle utilizes a specific composition of SNARE complex to fuse with Golgi. Since VTVs are different from other ERderived vesicles, i.e. PCTVs and protein-transport vesicles, we hypothesize that these unique vesicles would use a specific set of SNARE proteins to form a specific complex essential for their fusion with hepatic cis-Golgi.
To demonstrate the SNARE complex formation between VTV and cis-Golgi membranes, we established an in vitro docking assay that allowed the interactions between VTVs and cis-Golgi membranes, but restricted the actual fusion of two membranes. Because the fusion process of the two membranes is ATP-driven, removal of Mg 2+ -ATP from the reaction and incubating the VTVs with Golgi at 4
• C enabled SNARE complex formation via protein-protein interactions between VTVs and the Golgi. However, the actual fusion of the VTVs and the Golgi membranes does not occur under these conditions. The elimination of Mg 2+ -ATP was required to stabilize the proteinprotein interactions because, even at 4
• C, Mg 2+ -ATP is able to dissociate the SNARE complex, which is consistent with other published reports [30, 46] . Using specific antibodies against Sec22b, we were able to pull-down a large protein complex from solubilized post-docking VTV-Golgi membranes. Our immunoprecipitation results coupled with the identification using MALDI-TOF and Western blotting suggest that Sec22b, Syn5, GOS28 and rBet1 form a SNARE complex that migrated at ∼ 110 kDa in SDS/PAGE. The collective molecular mass of these proteins is 111 kDa which is very close to the observed molecular mass at which the SNARE complex migrated. Because all four proteins (Sec22b, Syn5, GOS28 and rBet1) possess a C-terminal membrane-binding domain and are exposed to cytosol, they are able to constitute a four-membered coiled-coil structure, which is the minimal requirement for docking/fusion to occur.
Using purified recombinant SNARE proteins and a combinatorial approach, a variety of possible SNARE compositions have been identified; however, the physiological relevance of these complexes remains to be determined. In primary mammalian cells, so far only one functional SNARE complex had been identified by our group [30] , which facilitates the PCTV-Golgi fusion in small intestinal epithelial cells. In the present paper, we report another physiologically active SNARE complex in hepatic cells that participates in ER-Golgi export of VLDL. Our results pertaining to blocking each SNARE component before VTV-Golgi fusion strongly suggest their physiological role in VLDL export from the ER to the Golgi in primary rat hepatocytes (Figures 2 and 8) .
In summary, our results reveal a previously unidentified physiological role for Sec22b in the primary mammalian system. The present study strongly suggests that the VTV is able to dock and fuse with hepatic cis-Golgi and can deliver its cargo, VLDL, to the Golgi lumen. Our results confirm that the VTV utilizes Sec22b as a v-SNARE for its targeting to and docking/fusion with the hepatic cis-Golgi. Furthermore, we have shown that Sec22b on VTVs forms a functional ∼ 110 kDa SNARE complex with hepatic cis-Golgi proteins (Syn5, rBet1 and GOS28) which is required for the VTV-Golgi fusion process to deliver VLDL particles to the Golgi lumen.
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